Whole genome duplication (WGD) has occurred repeatedly during the evolution of 1 0 7 vertebrates, plants, fungi and other eukaryotes (reviewed in [1] [2] [3] [4] ). The prevailing view is that 1 0 8 despite arising at high frequency, WGD is rarely maintained over macroevolutionary (i.e. 1 0 9
Myr) timescales, but that nonetheless, ancient WGD events are over-represented in several 1 1 0 species-rich lineages, pointing to a key role in long-term evolutionary success [1, 5] . WGD 1 1 1 events provide an important source of duplicate genes (ohnologues) with the potential to 1 1 2 diverge in protein functions and regulation during evolution [6] [7] . In contrast to the 1 1 3 duplication of a single or small number of genes, WGD events are unique in allowing the 1 1 4 balanced divergence of whole networks of ohnologues. This is thought to promote molecular 1 1 5 and phenotypic complexity through the biased retention and diversification of highly 1 1 6 interactive signalling pathways, particularly those regulating development [8] [9] [10] . As WGD events dramatically reshape opportunities for genomic and functional evolution, it is 1 1 9 not surprising that an extensive body of literature has sought to identify causal associations 1 2 0 between WGD and key episodes of evolutionary history, for example species radiations. Such arguments are appealing and have been constructed for WGD events ancestral to 1 2 2 vertebrates [11] [12] [13] [14] [15] , teleost fishes [16] [17] [18] [19] and angiosperms (flowering plants) [10, [20] [21] [22] . Nonetheless, it is now apparent that the evolutionary role of WGD is complex, often lineage-1 2 4 dependent and without a fixed set of rules. For example, some ancient lineages that 1 2 5 experienced WGD events never underwent radiations, including horseshoe crabs [23] and 1 2 6 paddlefish [e.g. 24], while other clades radiated explosively immediately post-WGD, for 1 2 7 example the ciliate Paramecium species complex [25] . In addition, apparent robust 1 2 8 associations between WGD and the rapid evolution of species or phenotypic-level complexity 1 2 9 may disappear when extinct lineages are considered, as documented for WGDs in the stem 1 3 0 of vertebrate and teleost evolution [26] [27] . Such findings either imply that the causative link between WGD and species radiations is 1 3 3 weak, or demand alternative explanations. In the latter respect, it is has become evident that where some, but not all lineages within a group sharing ancestral WGD diversified millions of 1 3 9 years post-WGD, due to an interaction between a functional product of WGD (e.g. a novel 1 4 0 trait) and lineage-specific ecological factors [30] . Within vertebrates, salmonids provide a 1 4 1 text-book case of a delayed species radiation post-WGD, where a role for ecological factors 1 4 2 has been strongly implied [32] . In this respect, salmonid diversification was strongly 1 4 3 associated with climatic cooling and the evolution of a life-history strategy called anadromy 1 4 4
[32] that required physiological adaptations (e.g. in osmoregulation [33]) enabling migration 1 4 5 between fresh and seawater. Importantly, a convincing role for WGD in such cases of 1 4 6 delayed post-WGD radiation is yet to be demonstrated, weakening hypothesized links 1 4 7 between WGD and evolutionary success. Critically missing in the hypothesized link between Our data highlights distinct temporal dynamics of rediploidization across salmonid lineages. For example, using a Bayesian approach, the onset of divergence for the HoxBa-α and -β Ma, respectively). Thus, the genomic regions containing these duplicated Hox clusters 3 3 0 experienced rediploidization much earlier in Salmoninae than the grayling or whitefish lineages. This is consistent with a broader pattern observed by genome-wide gene tree 3 3 2 sampling (Table S1, Fig. 3 ), which allowed rediploidization events to be mapped along the 3 3 3 salmonid phylogeny ( Fig. 5A ). Based on this data, we estimate that the respective rate of Interestingly, around one third of our gene trees included a single ohnologue copy for all 3 8 0 whitefish and grayling species, which were clustered along chromosomes in the genome 3 8 1 (Table S1 ). As these regions have experienced delayed rediploidization, this likely reflects multiple rediploidization events within a salmonid subfamily, we mapped our findings back to 3 8 5
Atlantic salmon chromosomes ( Fig. 5B ). This showed that the number of inferred 5B; Fig. S11 ). Overall, these data support past observations that the rediploidization process rediploidization in different salmonid subfamilies. To understand the functional implications of LORe, we contrasted the level of expression 3 9 4 divergence between Atlantic salmon ohnologue pairs from null and LORe regions ( Fig. 6 ).
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This was done in multiple tissues under controlled conditions ( Fig. 5A , B) and also following 3 9 6 'smoltification' [33], a physiological remodelling that accompanies the life-history transition 3 9 7 from freshwater to saltwater in anadromous salmonid lineages (Fig. 6C ). The regions of the Ohnologue expression was more correlated within LORe than null regions, both across regions have clearly diverged in expression ( Fig. 6 ), which may have contributed to 4 1 6 phenotypic variation available solely for lineage-specific adaptation. (2,505 and 6,853 pairs, respectively) during the physiological transition from fresh to saltwater. The correlation was calculated for log fold-change responses across 9 tissues. anadromy. Interestingly, LORe regions contain ohnologues for many genes from master 4 3 7
hormonal systems regulating smoltification, including the insulin-like growth factor (IGF), 4 3 8 growth hormone (GH), thyroid hormone (TH) and cortisol pathways (Table S2 ) [33, [51] [52] [53] .
We also identified LORe ohnologues for a large set of genes involved in osmoregulation and To characterize the regulatory evolution of ohnologues with regulatory roles in smoltification, 4 4 7
we compared equivalent tissue expression 'atlases' from Atlantic salmon in fresh and 4 4 8 saltwater ( Fig. 7 ; Dataset S1). The extent of regulatory divergence was variable for replacement, were differentially regulated in several tissues (Fig. 5B) context that recaptures key lineage-specific adaptations for the evolution of anadromy. is a pair of ohnologues (details in Table S2 ). The data is ordered from the most to least showing a multi-tissue differential expression response to the fresh to saltwater transition. The A is provided in Dataset S1.
8 0
To further characterize the role of LORe in lineage-specific adaptation, we performed gene regions (Table S3 ). Remarkably, ohnologues in LORe vs. null regions were enriched for 4 8 3 99.9% non-overlapping GO terms, suggesting global biases in encoded functions (Table S3 ).
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The most significantly enriched GO-terms for LORe ohnologues were 'indolalkylamine 4 8 5
biosynthesis' and 'indolalkylamine metabolism' (Table S3 ). This is notable as 5-4 8 6
hydroxytryptamine is an indolalkylamine and the precursor to serotonin, which plays an 4 8 7
important role controlling the master pituitary hormones that govern smoltification [51, 56] . An 4 8 8
interesting feature of rediploidization is the possibility that functionally-related genes residing 4 8 9
in close genomic proximity (e.g. due to past tandem duplication) started diverging into distinct 4 9 0 ohnologues as single units, for example Hox clusters (Fig. 4) . We found that the LORe 4 9 1 ohnologues contributing to enriched GO-terms ranged from being highly-clustered in the 4 9 2 genome, to not at all clustered (Table S4 ). In the latter case, we can exclude any biases 4 9 3 linked to regional rediploidization history. In the former case, we noted that two clusters of nomenclature [38]) explain the enriched term 'oxygen transport' (Table S4 ). This is 4 9 6
interesting within a context of lineage-specific adaptation, as haemoglobin subtypes are 4 9 7
regulated during smoltification to increase oxygen-carrying capacity and meet the higher and cellular organization (Table S3 ). Here we define the LORe model and characterized its impacts on multiple levels of 5 0 7 organization, adding a novel layer of complexity to our understanding of evolution after WGD. contributing to lineage-specific phenotypes (Fig. 7) . Hence, in the presence of highly delayed 5 1 7
rediploidization, all ohnologues are not 'born equal' and many will have opportunities to genome are enriched for different functions (Table S2 ), suggesting unique roles in duplication, considering that large blocks of genes with common rediploidization histories will 5 2 5
get the chance to diverge in functions in concert, meaning selection on duplicate divergence can operate on a multi-genic level. LORe is possible whenever speciation precedes (or occurs in concert) to rediploidization 5 2 9
( Fig. 1) . This scenario is probable whenever rediploidization is delayed, most relevant for In other words, WGD events may be shared by all vertebrates [61, 66] , but some ohnologues for LORe beyond salmonids will require careful phylogenomic approaches akin to those 5 4 7 employed here. Our findings also reveal a possible mechanism to explain why some lineages experienced 5 5 0 delayed post-WGD species radiations i.e. the WGD Radiation lag-time model [30] [31] [32] . This is 5 5 1 a topical subject, given the recent finding that teleosts radiated at a similar rate to their sister post-WGD (Fig. 7) . Hence, in light of evidence for delayed rediploidization after Ts3R [43], an 5 5 9
alternative hypothesis is that teleosts gained an increasing competitive advantage through For salmonids, climatic cooling likely provided a key selective pressure promoting the 5 6 7
lineage-specific evolution of anadromy, which facilitated higher speciation rates in the long- regulating smoltification (Fig. 5, 7) , allows us to hypothesize that LORe contributed to the 5 7 1 evolution of lineage-specific adaptations that promoted species radiation. However, the role functions) can also contribute to lineage-specific adaptation. This is evident in our data, as divergence in the context of smoltification ( Fig. 7 ; Dataset S1). A realistic scenario for 5 7 7
lineage-specific adaptation involves functional interactions between networks of newly-5 7 8
diverging LORe ohnologues and older ohnologues that have already diverged from the subfunctionalization [6] [7] 11] arise without the influence of selection on past functional 5 8 2 divergence (Fig. 1) . In the future, follow up questions on the roles of LORe and null The .gff file was modified to contain the attribute "gene_id" (file accessible at [84]. The analysis was restricted to terms of a level higher than four, with more than 10 but 7 3 0 less than 1,000 assigned genes. Enrichment analyses were done separately for all LORe regions they occupy in the genome (Table S4 ). The rationale was to establish the 7 3 5 extent to which ohnologues underlying an enriched GO term are physically clustered. We for an enriched GO term) are located within 500Kb of their next nearest gene within the same 13. Sidow A. Gen(om)e duplications in the evolution of early vertebrates. Curr Opin Genet 8 2 7
Dev. 1996;6:715-22. assembly and genetic mapping of the Atlantic horseshoe crab genome reveals ancient whole 8 6 0 genome duplication. Gigascience. 2014; 3:9. Global trends of whole-genome duplications revealed by the ciliate Paramecium tetraurelia. 
